To understand the mechanism of biological processes, time-resolved methodologies are required to investigate how functionality is linked to changes in molecular structure. A number of spectroscopic techniques are available that probe local structural rearrangements with high temporal resolution. However, for macromolecules, these techniques do not yield an overall high-resolution description of the structure. Time-resolved X-ray crystallographic methods exist, but, due to both instrument availability and stringent sample requirements, they have not been widely applied to macromolecular systems, especially for time resolutions below 1 s. Recently, there has been a resurgent interest in time-resolved structural science, fuelled by the recognition that both chemical and life scientists face many of the same challenges. In the present article, we review the current state-of-the-art in dynamic structural science, highlighting applications to enzymes. We also look to the future and discuss current method developments with the potential to widen access to time-resolved studies across discipline boundaries.
Dynamic structural science: recent developments in time-resolved spectroscopy and X-ray crystallography
To fully understand a biochemical process, it is necessary to observe not only the resting state, or start and end states, but also the evolution of intermediate structures along the reaction co-ordinate. Traditional spectroscopic methods can give a detailed time-resolved description of the local structural and chemical changes during a reaction, but provide only very limited and indirect information about the structural rearrangements occurring in the rest of the macromolecule ( Figure 1 ). These motions are of great importance as they are believed to steer reaction progression, providing the high-rate enhancements, specific product formation and exquisite regulation that are the hallmarks of biological catalysis [1] [2] [3] . In contrast, structural methods, such as MX (macromolecular X-ray crystallography), cryo-EM and NMR, can provide precise information about the shape and orientation of compounds, but normally only give a temporal average of the population present. In the last few decades, several methods have been devised to introduce time resolution into structure determination, where transient species have been effectively trapped by freeze-quenching, stabilizing them long enough for their presence and structure to be determined using traditional X-ray crystallographic methods [4, 5] . Unfortunately, these techniques do not work for all systems and hence spectroscopy has remained the Key words: laser, spectroscopy, synchrotron, time-resolved spectroscopy, X-ray crystallography. Abbreviations used: CCD, charge-coupled device; SFX, serial femtosecond crystallography; TR-WAXS, time-resolved WAXS; WAXS, wide-angle X-ray scattering; XAFS, X-ray absorption fine structure; XFEL, X-ray free-electron laser. 1 To whom correspondence should be addressed (email a.r.pearson@leeds.ac.uk).
de facto method to follow reactions in a fast time-resolved manner.
Spectroscopy is a well-established tool for investigating changes within a chemical system, and, with the development of short-pulse lasers and fast detectors, it has been possible to study reactions as they proceed. By measuring the rate of decay or growth of reactant or product signal, reaction kinetics and dynamics can be inferred. The detection and study of intermediate species is more difficult due to short lifetimes and often unknown spectra. The development of fast electronics, along with fast detector arrays and broadband light sources, have greatly enhanced time-resolved spectroscopy [6] . These methods have allowed multiple wavelengths to be probed simultaneously over large spectral regions with picosecond resolution, giving investigators a more complete picture of what is happening and allowing the observation of spectral features from transient species that may not have been predicted. However, even with these advances, the systems which can be investigated have been limited as they must meet a number of criteria. First, fast timeresolved spectroscopic studies are limited to laser-initiated processes where it is possible to accurately and reproducibly determine the starting point of the reaction. The sample systems also need to be robust, being able to withstand both the pump and probe radiation while still undergoing the process of interest. Also the pump process initiating the reaction needs to be of high efficiency in order to ensure that changes in the spectral features have a sufficient signal-tonoise ratio to be recorded by the detector. Reversible systems are also preferable, as this allows multiple measurements to be taken from a single sample, leading to an increased signal-to-noise ratio.
Even though time-resolved spectroscopy is a fairly wellestablished technique for certain types of systems, it is still undergoing constant improvement. The development of even more sensitive fast detectors and detector arrays is of particular importance. Current time-resolved techniques tend to be limited to liquids or homogeneous solid samples, such as films deposited on transparent windows or included in KBr discs. Ideally one would like to work with single crystal samples under conditions similar to those used for crystallographic studies, but the small crystal sizes result in signals with ever decreasing intensities. Another consideration is that most photoinitiated enzyme processes tend be irreversible, hence there is even more of a requirement to get good spectra from a limited number of measurements and samples.
Despite these limitations, there are a number of recent examples where ultra-fast time-resolved spectroscopy has been used to investigate reaction dynamics and excited state structures of proteins in solution. One such example is the work by Lukacs et al. [7] which investigates the photocycle of photoactivated flavoproteins, and probes the effects of altering the protein environment. Although time-resolved spectroscopic methods can yield a wealth of information regarding a chemical reaction, it is still an indirect measure, requiring experience and chemical knowledge to infer the structural changes that are occurring. Hence coupling the spectroscopic time-resolved data with structural methods will provide the ultimate time-resolved structural combination. Here the spectroscopy can provide a detailed overview of the reaction components and timings, providing the time at which snapshots should be acquired with the structural technique of choice. An added benefit is that spectroscopy methods tend to be cheaper, more accessible and faster than direct structural methods.
Unfortunately, in practice, the transfer of kinetic and dynamic information between offline spectroscopic methods to crystallographic data is not trivial. Spectroscopic techniques are commonly carried out on aqueous solutions. This environment is very different from that of the crystal where the interactions between molecules due to crystal packing can interfere with conformational changes, altering the kinetics and possibly also the dynamics of the process being studied. This highlights the need for both offline analysis of aqueous solutions along with the simultaneous measurements of both spectroscopic and crystallographic data from crystalline samples. Spectrometers for the collection of Raman and UV-visible absorption spectra have been incorporated into synchrotron beamlines in either an off-axis or on-axis fashion [8, 9] . Owing to the inherently lower resolution of protein crystallographic data, spectroscopy has been a useful tool to help to assign electron density to a particular structural or electronic conformation or to follow radiation damage of the sample [10, 11] . We envisage that the ultimate use of these systems will be the simultaneous measurement of fast time-resolved crystallographic and spectroscopic data from transient species without needing to extend the transient lifetimes via use of trapping methods. Overcoming the current issues in collecting and analysing time-resolved data is resulting in challenging experiments, although it is expected that, with advances in detector sensitivity and X-ray source brilliance, such experiments will be routinely possible in the foreseeable future.
Laue diffraction has been the main technique of choice to obtain time-resolved structural information [12] . The development of high-brilliance synchrotron sources permits the production of ultra-short polychromatic X-ray pulses (∼100 ps, the duration of a single electron bunch) with enough flux to collect diffraction data with CCD (charge-coupled device) detectors and thus obtain structures of short-lived intermediates. Nevertheless, the pump-probe Laue method is highly demanding not only on the technical setup (highprecision choppers coupled with a precisely timed laser pulse used to trigger the reaction), but also on the quality of the crystal samples, which must present very low mosaic spread in order to avoid spot overlap and be particularly radiationresistant, rendering it inherently difficult for protein crystals. Another limitation of this method is that only light-activated reactions can be studied at sub-millisecond timescales. This limitation can be circumvented in slower reactions by trapping intermediates by freeze-quenching or changing the conditions within the crystal, such as pH.
Time-resolved Laue crystallography been successfully applied to several proteins. Myoglobin in complex with carbon monoxide is the most extensively studied example, both by low-temperature intermediate trapping [13, 14] and later by time-resolved Laue diffraction [15] . The results of these studies were in agreement with each other, providing evidence of the complementary nature of these two techniques. Recent studies on photoactive yellow protein using time-resolved Laue diffraction have unveiled the structures of all the intermediates along a transto-cis isomerization pathway that had been predicted by computational studies [16] , and observed by spectroscopic methods [17, 18] . Similar studies have been performed on the photosynthetic reaction centre complex to show the structural changes induced by light [19] .
To draw structural information from samples in solution, a number of other time-resolved techniques have emerged in recent years, in particular WAXS (wideangle X-ray scattering) [20] and XAS (X-ray absorption spectroscopy) [21] . WAXS is becoming a particularly interesting complement to crystallographic studies, as the molecules are not constrained by the interactions present in the crystal lattice. This is particularly important for biological systems, where the reactions can be accompanied by large conformational changes. A good example of this complementarity can be found in studies of the light-driven proton pump bacteriorhodopsin, for which large movements were predicted in the cytoplasmic domain [22, 23] . These conformational changes were visualized using TR-WAXS (time-resolved WAXS) [24] , but could not be observed in the crystallographic studies [25] . To date, TR-WAXS studies have been predominantly performed on light-activated reversible systems that have already been the focus of Laue studies, such as haemoglobin [20, 26] , myoglobin [27, 28] , PYP (photoactive yellow protein) [29] and bacteriorhodopsin [25] , among others. Nevertheless, owing to the level of complexity, interpretation of WAXS data has been highly dependent on the available structural data. The use of MD simulations will probably be an invaluable tool to permit the analysis of TR-WAXS data.
XAFS (X-ray absorption fine structure) spectroscopy is relatively well established and particularly useful for probing the local geometry around a given atom, particularly metals. Both EXAFS (extended XAFS) and XANES (X-ray absorption near-edge spectroscopy) provide a very detailed picture of the structural and electronic changes that occur around a probed atom. The combination of very high repetition rates and intensities of both the pump laser and the probe X-ray combined with very fast detectors has allowed for time-resolved data collection in the picosecond time domain [30] . XAFS has played a crucial role in investigating the Mn 4 CaO 5 cluster geometry of photosystem II, relating structural changes within the complex to electronic and coordination changes seen in spectroscopic data [31] .
The first XFELs (X-ray free-electron lasers) have recently come online, and initial measurements have confirmed that it is possible to collect ultrafast diffraction data before the crystal is destroyed by radiation damage [32] . SFX (serial femtosecond crystallography) brings a liquid jet containing randomly oriented micro-or nano-crystals (0.1-20 μm) into the highly focused XFEL beam consisting of ultrashort (5-100 fs) pulses. By collecting data from a very high number of shots, it will be possible to assemble complete data sets with enough multiplicity to circumvent the errors introduced in the successive measurements. Several challenges have to be overcome in order for SFX to become mainstream. First, the pulse intensities vary significantly from shot to shot and the bandwidth is not sufficiently narrow to be considered monochromatic, which may pose a problem causing peak broadening or even doubling. The rapid development of SFX has been aided by the development of a number of technical aspects, such as sample delivery using a microjet capable of delivering a stream of droplets a few microns in size to a particular position. This allows a single crystal to be brought to the most intense part of the focused beam. As the jet is unsynchronized with the X-ray pulses, the 'hit' rate is only ∼ 20% [32] , meaning that the system can still be optimized further. As the laser operates at up to 120 Hz, a fast detector was developed to cope with the rapid data generation. Each image represents a randomly orientated still, resulting in partially recorded reflections. To circumvent this and the large fluctuations in beam intensity, a very large number of images are collected (of the order of 10 5 -10 6 per dataset). Conventional data processing methods are not able to distinguish the degree of partiality of each reflection. A new method has therefore been devised, which employs a Monte Carlo intensity-merging strategy [33] . To date, four protein structures determined using SFX have been reported, including simultaneous X-ray emission/diffraction from metalloprotein crystals [32, 34, 35] . This technique seems to be the most appropriate for time resolved structural studies; nevertheless it is still in its infancy. Also, the limited availability of XFEL beamtime will limit this technique to the most challenging scientific problems.
The emergence of single-photon-counting devices has revolutionized the way data are collected at modern beamlines in the last 8 years. These devices are based on a hybrid pixel technology, which permits a direct detection of X-rays, in contrast with CCDs that rely on a phosphor fluorescence. As they are modular, a large area can be achieved without recourse to a fibre-optic taper, as in CCD detectors which rely on small chips to convert the photons into electrons. However, the main advantages over CCDs are the excellent signal-to-noise ratio, very high dynamic range and extremely fast readout times (<5 μs). The fact that these devices can be triggered with opening times in the nanosecond range renders them very good candidates for future time-resolved structural experiments [36] , circumventing the need for choppers for the production of very short X-ray pulses. Next-generation single-photoncounting pixel detectors promise higher frame rates (22 kHz) and shorter dead times (∼4 μs) [37] .
The recent developments in structural and spectroscopic techniques coupled with ever better technology for sample handling, data collection and data processing are placing the dream of being able to watch a biological molecule function in real time ever closer to reality. With the fast advances in these areas, the key challenge that remains for the biologist eager to take advantage of time-resolved structural studies is that of reaction initiation. Fast time-resolved structural studies will only be possible for systems that can be triggered by light.
Although photocaging reagents exist, their incorporation into proteins in a way that does not interfere with function once the photoactivation occurs is non-trivial and will almost certainly need to be specifically designed for each new system. However, the rewards of such experiments in terms of our understanding of molecular reactions will be worth the effort.
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